Abstract-A statistical scheduling approach to economic dispatch and energy reserves is proposed in this paper. The proposed approach focuses on minimizing the overall power operating cost with considerations of renewable energy uncertainty and power system security. In such a system, it is challenging and yet an open question on the scheduling of economic dispatch together with energy reserves, due to renewable energy generation uncertainty, and spatially wide distribution of energy resources. The hybrid power system scheduling is formulated as a convex programming problem to minimize power operating cost, taking considerations of renewable energy generation, power generation-consumption balance and power system security. A genetic algorithm based approach is used for solving the minimization of the power operating cost. The IEEE 24-bus reliability test system (IEEE-RTS), which is commonly used for evaluating the price stability of power system and reliability, is used as the test bench for verifying and evaluating system performance of the proposed scheduling approach.
I. INTRODUCTION
The optimal scheduling of economic dispatch and energy reserves in a hybrid power system becomes a new challenge in renewable energy integration (REI) recently. The scheduling objective is minimizing the power operating cost in a hybrid power system with high renewable energy penetration. A credible scheduling economic dispatch and energy reserves is able to increase the efficiency of the power production and ensure the reliability of the power system operations. The population around world is predicted to double by 2050 [1] , and the energy demand would be certainly keep growing. As what has happened, the energy demand rised and the prices of some energy resources increased over last two or three decades [2] - [4] . To enhance the energy demand rising and avoid environment pollution increasing simultaneously, one solution is to use much more renewable energy from wind , solar and others. In [5] , the wind power capacity is expected to increase to 48, 000 MW by 2020 which is threefold to the amount in 2004.
Recently, contingency reserve scheduling with high renewable energy penetration in hybrid power systems rises as a new challenge. In [5] , the new challenge is proposed as a key issue in power system operations on how much the most the wind power can be used to replace the fossil energy with limited wind forecasting ability synchronously. In this thesis, a new power system with a hybrid power market is constructed to study the trade-off between the system reliability and energy operating cost. Some problems are created by the new structured power system consequently, because the price and the reliability are correlated. It is hard to avoid the price increasing with the demand of high reliability of the system, and the high price will cause the residential and industrial customers complaining.
The paper is organized as following. section II reviews the present state-of-the-art of economic dispatch and energy reserve with renewable energy, with emphasis on their optimization in hybrid power systems. Section III introduces the proposed statistical economic dispatch and energy research approaches, including system objective function, wind power modelling, chance constraint and genetic algorithm. Section IV illustrates and explains the numerical results on validating and evaluating the proposed approach. Section V concludes the work presented in the thesis, and discusses potential future work.
II. JOINT STATISTICAL SCHEDULING OF ECONOMIC DISPATCH AND ENERGY RESERVES
In this section, the joint scheduling of economic dispatch and energy reserves is formulated as an optimization problem to minimize the power operating cost.
A. Wind turbine modelling 1) Statistical wind power generation modelling:
In our test bench system, the IEEE 24-bus Reliability Testing System (IEEE-RTS), 4 wind farms are used to substitute the 4 conventional power plant in the IEEE-RTS. The 4 wind farms with nominal generation capacity of 150 MW, 250 MW, 400 MW and 600 MW, respectively. Each wind farm consists of a number of wind turbines, each with installed capacity of 2 MW. The wind speed data is acquired from NREL's Western Wind Resource Database. The wind speed information of each generator is chose randomly from database 5 times per day for 90 days. A sample of the output power of the wind farm with 400 MW nominal generation capacity is computed. The output power results are fitted into Gaussian Distribution. The output power of other wind farms are also studied in a similar way and fitted into Gaussian distributions.
B. Formulation of Joint Economic Dispatch and Energy Reserves
The joint economic dispatch and energy reserves is formulated as a optimization problem aiming to find the lowest power operating cost in a hybrid power system. As shown in Fig. 1 , the IEEE 24-bus Reliability Testing System (IEEE-RTS) is used as the test bench for the study, which contains 10 generators, 24 buses, 5 transformers, 38 transmission lines and 17 loads. It is assumed that 6 generators in the power system are conventional energy generators and the rest are wind turbine generators. The optimization formulation including a objective function and constrains is described as the following.
arg min
C Rj P Rj (1) subject to (2),(3), (4), (5), (6) .
Here, the output power, which is supplied by the set of the conventional generators is defined as P G . The deloaded wind turbine generators are used in this paper and the remaining power of the wind turbine generators are used for contingency reserve. P W and P R denote the power supplied in the spot market and the reserve market, respectively. The conventional generators' output power is denoted as P G = {P G1 , P G2 , · · · , P GM }, where P Gm denotes the output power of the mth conventional generator. P W = {P W1 , · · · , P WN } is used to denote the output power of the wind turbine generators in spot market, where P Wn indicates the nth wind turbine generator output. The wind turbine generators' output power in reserve market is defined as P R = {P R1 , · · · , P RN }, where P Rn denotes the power which can be supplied by the nth wind turbine generator in the reserve market. C i is the power operating cost of conventional generators in per unit. The power operating costs in per unit of wind turbine generators in spot market and reserve market are denoted as C Wj and C Rj , respectively. C low and C high are used to denote the upper and lower price limit for the power operating cost in per unit, respectively. P low and P high are used to indicate the upper and lower power output limit of each generator. The power demand is described as P load . γ is used to define the ratio of the conventional power with respect to P load . P high (W j ) + P high (R j ) is the maximum output for the jth wind turbine generator. It is noted that the actual output power of each wind turbine generator must be less than its maximum power generation. In (7), the total operating cost of generating P Wj + P Rj wind power should be equal or less than b with the probability that is larger than α.
C. Derivation and transformation of chance constraint
The "chance constraint" is used to describe that the probability of a random event should be larger than a threshold, which is given as
where the event is denoted as
, and the probability of this random event is required at least equals to α. Here, a i and x i are random variables, and b and α are two variables that determines the constraints.
Accordingly, we define the following formulation for defining the chance constraint in our optimization problem as
Although chance constraints have been used for solving other probabilistic constrained problems, the constraint in (9) cannot be directly used in solving the optimization as it does not provide the explicit relationship among P Wj , P CW j , C Wj , C Rj , b and α. As a result, the derived and computable formula of the chance constraint is given as (16)
D. Genetic algorithm application
In this problem, the population size is chosen as 500, which is enough to generate the new generation population with pinpoint accuracy. The probabilities of performing crossover and mutation are 0.8 and 0.08, respectively. The initial value of the 28 variables are also defined, which aid the algorithm to find the optimized results more efficiently. The computing process will terminate if the derivation of the two successive results are less than 1. The optimal results of this model by GA are described in SectionIII.
III. NUMERICAL RESULTS
In this section, the numerical results of GA based optimization of the power operating cost are demonstrated. The proposed approach is applied to the IEEE 24-bus RTS, which contains wind turbine generators. All the unit price data for the system, including the conventional energy and the renewable energy are from [6] . Sufficient historic data for training this
model are provided by the National Renewable Energy Laboratory (NREL). The load demand range is assumed between 600 MWh to 2800 MWh, which is based on the rated power of each generator. In [7] , the average worldwide wind penetration is around 17% in 2013. It is assumed three levels in this paper for high wind energy penetration, 30%, 33.3% and 40%.
The
The effect of the uncertainty of the wind energy prediction on the power system operation will be studied on the IEEE 24-bus RTS model. Three case studies are conducted on this system. Case 1 investigates a typical dispatch and energy reserve scheduling scenario. In Case 2, results on the comparison of different wind penetration ratios are demonstrated. In Case 3, results are provided on three different α's in the chance constraint of (8) . In the end, Monte Carlo simulation is conducted and used to test the reliability of the system.
A. Results on a typical energy scheduling scenario
In the typical energy scheduling scenario, the renewable energy penetration ratio and the chance constraint probability of the hybrid system are chose as 30% and 0.95, respectively. In Fig. 3 , the optimized distribution of the total output power of the generators and reserves are illustrated as a function of the load demand ranging from 600 MW to 2, 800 MW. Before the total output power reach 1000 MW, the wind power in spot market increases rapidly to its "stable value". According to the wind turbine characteristics in Gaussian distribution, we defined the value of the production power at the biggest probability as "stable value", which denotes the amount of the production power of each generator is always around this point. The "stable value" for wind power in spot market and reserve market are fitted as 850 MW and 350 MW, respectively, by their Gaussian distribution parameters. Meanwhile, the conventional power increase slightly. After the total power has reached 1000 MW, the increment speed of wind power in spot market starts to decrease, and the conventional generation increases rapidly. Because a fixed ramp rate is defined to the conventional generations output power, the wind power in reserve market starts to serve the system to satisfy the total load requirement. Considering the real-world applications, the ramp speed of the traditional generators is limited. The reserve power increases to its stable value slowly because the high price per unit does not contribute to minimization of the power operating cost.
The growth trend of the conventional generators, renewable energy generators and energy reserves are demonstrated in Fig. 3 . The average output power is illustrated in Fig. 4 . Fig. 5 describes the average price for all the generated power, conventional power, wind power in spot market and reserve market. As we can see, the average price of reserve is the highest and the wind power in spot market keeps the lowest price, which meet the law of the present market. The average price in total is lower than the conventional power under 1000 MW, because the wind power in spot market is widely used during this period. After that, it starts to increase because the reserve power with high price is used.
The investigation on the total power generation is performed with increasing load demand in Fig. 2 . In Fig. 6, Fig. 7 and Fig. 8 , the detailed output power distribution increase with load demand increasing and are within the constraints.
B. Results on different wind energy penetrations ratios
A comparison of the effects of different wind energy penetration ratios is demonstrated in this section. The numerical study scenarios include the total operating cost of the power generation for three different wind penetration ratios with increasing load demand. In Fig. 9 , with chance constraint probability α = 95%, the three different colours denote the results corresponding to three different wind penetration ratios. As we can see, the system with wind energy penetration in 40% provides the minimal cost with the same amount of generated power. It can be seen from Fig. 9 that, a lower wind energy penetration ratio results in higher power operating costs. 
C. Results on different chance constraint probability
In Case 3, the wind energy penetration ratio is fixed as 33.3%, the chance constraint probability, α in (8), is defined as 90%, 95% and 99.73%, respectively. As shown in Fig. 10 , the operating costs corresponding to the three different probabilities increase gradually with increasing load demand. As we can see in Fig. 10 that the operating cost with the probability of 99.73% is lower than others. The highest cost is obtained with the probability of 90%. This illustrates that the total power operating cost will change if the probability changes. In detail, the total cost increases with decreasing chance constraint probability. This is due to that a larger probability places a stricter constraint that the total cost of the renewable energy needs to be lower or equal to the demand price b in (8) . On the contrary, the operating cost increases if we define a smaller probability for the system, which means a weaker constraint is used for restricting the system. 
D. The scheduling of economic dispatch and reserve energy on contingency problems
In order to study the ability of the proposed approach in handling emergent events, the approach is tested on a system with sudden increment or reduction of the demand load. The detailed results are described in the following figures. We chose two typical results to show here.
As an example, the emergency event is introduced in the simulation with duration of 10 minutes. The start point of the system is 1000 MW at the first minute. It is assumed that the demand load is suddenly increased from 1020 MW to 1600 MW at the 4th minute. After that, the load is reduced back to 1030 MW at the 5th minute. The next significant increasing occurs at the 8th minute, when the demand load sharply increases from 1040 MW at the 6th minute to 2400 MW at the 8th minute, then the load reduces rapidly to 1050 MW at the end of the 10 minute period. According to the described load change, the corresponding results are simulated, which demonstrates the efficiency of the proposed approach in this thesis. Fig. 11 describes the composition of the three kinds of power generation in the system. In the normal operation conditions, the wind power always supplies the biggest amount of the electricity in spot market because of its low price. According to the simulation results, the wind power in reserve market starts to serve the system when the demand load is over 1000 MW. At the 8th minute, the conventional generators produce the largest amount of power which exceeds the power production of wind turbine generators in spot market. It is due to that the amount of the power produced by wind turbine generators in the both spot market and reserve market has almost reached the "stable values". The growth of the power production of the conventional generators increase rapidly at this time point. The average operating cost of each kind of generation on each generator is demonstrated. Fig. 12 shows the total average operating cost significantly increases at the 4th minute and the 8th minute, because the reserve power is heavily used at these two time points. The average operating costs of the conventional generators and the wind turbine generators in the spot market maintain steady during the 10 minute period. The average operating cost of the reserve power reduces on the two time points because of its large amount of production.
E. Monte Carlo simulation
In the numerical simulation, the Monte Carlo (MC) method is used to simulate the hybrid energy scheduling approach in Powerworld. The MC method is a computational methodology that uses randomly sampled parameters to obtain numerical results of a stochastic system [8] , [9] . In this thesis, for each renewable energy penetration ratio, twenty sets of loads are chosen randomly to simulate the system price stability according to the optimum energy schedule results. For each chance constraints, twenty sets of loads are chosen randomly to simulate the system price stability in the same way. The MC simulation results demonstrate the feasibility and robustness of the proposed approach for the hybrid energy economy dispatch in the IEEE 24-bus RTS system which is shown in Fig. 13 . Wind plants located on bus 15 and 16 are chosen randomly for generator outage simulation. 
IV. CONCLUSION
In this paper, a stochastic approach in joint scheduling economic dispatch and energy reserves of hybrid power systems with high renewable energy penetration in electricity market has been presented. In the numerical experiments, the total power operating costs are studied assuming the different probabilities in (8) for that the operating cost is lower than a preset threshold. Numerical experiments with three different thresholds in (8) is used for comparing the results. Fig. 10 demonstrates that our assumption, which relates to the probability of power operating cost, is valid and useful, which can be further investigated into a large range of applicable energy marketing scenarios. The Monte Carlo simulation approach is used to simulate the random output power of the generating units in this system.
